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Sensorless  technique  becomes  popular  nowadays  in  electrical  drive 
applications  specificially  for  AC  motor  drive.  It  is  applied  to  determine  and 
estimate  the  rotor  position  especially  for  PMSM  motor.  This  paper  presents 
the  comparison  sensorless  technique  to  determine  and  estimate  the  position 
and  rotor  of  PMSM  motor.  PMSM  motor  is  widely  used  in  industrial  and 
automation  due  to  its  high  performance  motor  drive.  However,  the  location 
of  PMSM  motor  in  humidity  and  harsh  environment  causing  the  accuracy  of 
motor  is  inaccurate  due  to  deterioration  of  position  sensor.  Therefore,  many 
sensorless  techniques  have  been  proposed  by  previous  researchers  in  order  to 
solve  the  problem.  This  paper  presents  the  review  of  several  categories; 
Model  Based  Method,  Saliency  Based  Method  and  Signal  Injection,  and 
Artificial  Intelligence  Based  Estimator.  In  addition,  sensorless  techniques  on 
each  category  have  been  compared  and  described  in  terms  of  their 
advantages  and  disadvantages. 
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1.  INTRODUCTION 

Nowadays,  Permanent  Magnet  Synchronous  Motor  (PMSM)  or  Brushless  AC  motor  (BLAC)  has 
been  recently  used  in  industrial  area  due  to  its  high  performance  motor  drive.  PMSM  provide  several 
advantages  such  as  high-efficiency,  high  torque,  low-cost  maintenance  and  robust  despite  the  price  of  PMSM 
is  more  expensive  compare  to  others  AC  motor  [l]-[2].  Basically,  a  brushless  DC  motor  and  PMSM  motor 
consist  of  permanent  magnet  that  works  to  create  the  magnetic  field  in  DC  motor  which  generally  converts 
electrical  energy  to  mechanical  energy. 

The  permanent  magnet  is  located  at  the  inner  side  of  stator  frame.  Different  between  the  motors  are 
depending  on  the  view  of  researcher.  Generally,  BLDC  motor  is  defined  as  permanent  magnet  with 
trapezoidal  back-electromotive  force  (BEMF),  while  BLAC  is  permanent  magnet  with  sinusoidal  back- 
electromotive  force  (BEMF).  The  drive  technique  for  BLDC  and  PMSM  also  are  quite  different  depending 
on  the  shape  of  BEMF.  In  PMSM,  a  rotor  shaft  is  function  as  moving  element  that  attached  together  with 
sensor  in  order  to  detect  the  rotor  position  and  speed  of  the  motor.  There  are  several  sensors  used  in  industry 
such  as  resolver,  absolute  encoder  and  Hall  Effect.  According  to  the  characteristic  of  resolver  and  encoder, 
those  two  elements  act  in  different  way  regarding  the  accuracy  and  environmental  issued  although  they  play 
the  same  function  on  determining  speed  and  rotor  position.  Since  the  higher  demand  of  goods  in  daily  life,  it 
makes  the  company  to  push  the  industry  to  produce  and  work  for  24  hours  to  supply  the  product.  Therefore, 
PMSM  motor  needs  to  work  hard  in  order  to  fulfill  the  order.  In  hot,  humidity  and  oily  place,  resolver  is  the 
better  choice  for  system  because  it  is  durable  to  any  environment  compare  to  encoder,  while  to  get  the  good 
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accuracy  from  the  motor,  encoder  is  the  best  choice  for  system.  However,  encoder  cannot  act  at  certain 
temperature  and  be  exposed  to  dirt,  oil  and  dust  contaminates.  In  the  harsh  environment  in  industry,  the 
resolver  and  encoder  do  not  give  the  best  accuracy.  Due  to  aforementioned  problems,  the  industrial  decides  to 
remove  the  sensor  and  replace  it  with  a  new  and  good  drive  system  as  it  uses  the  motor  fundamental 
equations  to  gain  the  position  and  speed  of  motor  concurrently  reducing  the  overall  cost  of  actuating  devices. 
Basically,  there  are  three  categories  for  sensorless  method  such  as  fundamental  excitations/  model  based 
method,  saliency  and  signal  injection  and  artificial  intelligence.  Hence,  various  methods  and  techniques  are 
introduced  for  each  category  proposed  by  the  researchers  to  control  the  speed  and  position  of  motor  sensor. 
This  paper  presents  the  review  of  speed  and  position  estimation  method  for  PMSM  Drives  based  on  several 
methods.  Basically,  this  paper  is  organized  as  follows.  In  Section  II,  the  three  categories  for  sensorless 
position  estimation  of  PMSM  is  explained  and  machine  model  of  PMSM  is  presented  in  Section  III.  In 
Section  IV,  the  comparison  among  the  categories  is  showed  and  analyzed  based  on  their  advantages  and 
disadvantages.  Finally,  the  analysis  results  based  on  research  and  observation  using  PMSM  machine  are 
showed  in  Section  V. 


2.  RESEARCH  METHOD 

2.1.  There  Categories  for  Sensorless  Position  Estimation 

The  flow  chart  or  classification  above  shows  the  three  categories  of  sensorless  position  estimation  of 
PMSM  which  are  called  Model  Based,  Saliency  Based  Method  and  Signal  Injection  and  Artificial 
Intelligence  (AI)  [l]-[5]. 


Figure  1.  Classification  of  sensorless  control  method  of  PMSM 


2.1.1.  Model  Based  Method 

For  model  based  categories,  there  are  two  methods  which  are  called  non-adaptive  and  adaptive 
methods  [5],  Non-adaptive  method  can  be  divided  into  three  sections  of  method: 

a.  Estimator  using  monitored  stator  voltages,  or  currents 

b.  Flux  based  position  estimator 

c.  Position  estimator  based  on  back-EMF 

As  for  adaptive  method,  it  is  divided  into  two  categories  of  method  such  as  Model  Reference 
Adaptive  System  (MRAS)  and  Observer-based  estimator  [5].  For  MRAS,  in  order  to  get  the  smaller  value  of 
error,  the  output  of  reference  model  must  be  compared  with  the  output  of  adjustable  adaptive  model. 
Basically,  this  method  is  used  to  adjust  the  state  variable  of  a  system  and  to  minimise  the  error  between  two 
models  in  order  to  get  the  estimation  value  of  quantity. The  next  section  is  observer -based  estimator  [5]  which 
it  is  consist  of: 
a.  Fuenberger  Observer 
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b.  Reduced  Order  Observer 

c.  Sliding  Mode  Observer 

d.  Kalman  Filter 

Luenberger  Observer  and  Extended  Kalman  Filter  is  estimator  that  uses  plant  model  and  a  feedback 
loop  with  measured  plant  variables.  Basically,  the  Luenberger  Observer  is  a  deterministic  observer  that 
produces  zero  noise  compare  to  the  Extended  Kalman  Filter  where  its  signal  is  corrupted  with  noise.  The 
noise  produced  in  EKF  will  be  considered  in  measurement  and  modeling  inaccuracies  in  order  to  get  the 
desired  signal. 

2.1.2.  Saliency  Based  Method  and  Signal  Injection 

High  signal  injection  is  also  a  sensorless  method  to  get  the  position  estimation.  Machine  saliency  or 
signal  injection  techniques  give  the  best  position  estimator  from  standstill  to  minimum  speed  [6].  Generally, 
saliency  based  method  can  be  classified  into  three  parts: 

a.  Continuous  signal  injection 

b.  Transient  voltage  vector  injection 

c.  Without  additional  injection 

For  continuous  signal  injection  method,  a  high  frequency  signals  are  superimposed  on  the 
fundamental  excitation.  An  observer  is  required  for  saliency  tracking  when  using  a  continuous  high  voltage 
injection.  According  on  the  principle  of  signal  injection  method,  all  the  signal  injection  method  must  be  used 
or  processed  based  on  machine  saliency.  It  is  due  to  dominant  effect  caused  by  magnetic  flux  from  permanent 
magnet  creating  the  saturation  of  the  stator  [7], 

Acontinuos  us  signal  injection  method  can  be  classified  into  two  signal  injections  named  as  rotating 
injection  and  pulsating  injection  [7].  Since  most  high  frequency  injection  methods  inject  voltages,  thus 
rotating  injection  can  also  be  named  as  rotating  voltage  vector  or  revolving  carrier  while  pulsating  injection  is 
named  as  pulsating  voltage  vector  or  alternating  carrier.  Rotating  injection  method  happens  when  a  voltage 
vector  at  constant  carrier  frequency  is  superimposed  on  the  reference  voltages  produced  by  the  machine 
control  in  stationary  reference  frame. 

Pulsating  voltage  vector  is  injected  on  an  estimated  either  d-axis  or  q-axis  reference  frame.  Hence, 
sensorless  operation  is  depending  on  the  estimated  dq-axis  reference  frame  position.  However,  in  order  to  get 
the  perfect  orientation,  the  injection  of  high  frequency  only  occurs  at  d-axis  while  zero  injection  at  q-axis. 
Injection  high  frequency  will  produce  high  frequency  current  ripple  that  affects  mostly  the  flux  producing 
fundamental.  Generally,  pulsating  voltage  vector  injection  method  can  be  used  for  any  type  of  permanent 
magnet  motor.  Firstly,  high  frequency  method  with  alternating  carrier  takes  place  in  interior  PM  motor  with 
single-layer  [8],  Next,  it  is  injected  into  the  there-layer  interior  PM  motor  and  amazingly,  the  results  of  two 
sinusoidal  high  frequency  injections  are  same.  However,  some  researcher  suggested  the  high  frequency  using 
alternating  carrier  give  the  better  results  for  PMSM  motors  because  the  high  frequency  current  does  not 
produce  torque,  and  reduce  noise  and  vibration.  When  an  impulse  voltage  vector  is  applied,  the  current 
transient  response  is  produced  and  it  gives  affects  to  the  saliency  position  information.  This  injection  is  called 
as  transient  signal  injection. 

2.1.3.  Artificial  Intelligence  Based  Estimator 

Artificial  intelligence  based  vector  controlled  is  also  used  as  sensorless  technique  by  using  fuzzy 
logic  and  fuzzy-neutral  controller.  This  is  one  of  the  successfully  technique  that  has  been  implemented  for 
PMSM  application.  It  has  been  applied  to  minimize  the  tuning  efforts  and  also  to  improve  the  estimated 
response.  Artificial  intelligence  based  system  does  not  require  the  mathematical  model  of  motor  and  fuzzy 
neutral  system  can  only  perform  with  linguistic  rules  from  the  expert  or  other  method. 

2.2.  Mathematical  Modelling  of  PMSM  Motor 

A  study  of  permanent  magnet  synchronous  machine  (PMSM)  operation  is  made  to  understand  the 
dynamic  behavior  of  FOC  drive.  To  control  the  PMSM  motor,  the  d-q  PMSM  model  is  needed  while  field 
oriented  control  (FOC)  algorithm  is  applied  to  control  the  flux  and  torque  independently,  similar  with  DC 
machine. 

Basically,  in  FOC  control  drive,  torque  and  flux  component  will  aligned  with  the  q  and  d  coordinate 
respectively  for  having  the  constants  as  input  reference.  FOC  is  a  complex  control  method  due  to  numerous 
transformations  involving  three-phase  reference  frame  to  two-axis  orthogonal  stationary  reference  frame  or 
vice  versa.  The  transformations  are  known  as  Clark  transformation.  Park  transformation  and  inverse  Clark- 
Park  transformation.  This  section  will  discuss  more  detail  about  the  transformation  and  mathematical 
modeling  of  PMSM  those  is  simpler  compared  to  the  mathematical  modeling  of  induction  machine. 
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2.2.1.  d-q  Reference  Cordinate  System 

FOC  can  be  classified  into  two  coordinate  systems  such  as  static  coordinate  system  and  revolving 
coordinates  system  [10].  The  two  phase  stator  (a-B)  coordinate  system  is  a  static  coordinate  system  consisted 
of  a-axis  fixed  on  x-axis  and  /1-axis  at  y-axis  which  vertical  90  degree  to  a-axis.  Meanwhile,  d-q  coordinate 
system  with  d-axis  fixed  on  the  rotor  is  called  revolving  coordinate  system.  Figure  2  shows  the  relationship 
between  a-B  coordinate  system  and  d-q  coordinate  system  while  Figure  3  shows  the  relationship  between 
three-phase  quantities  either  voltage  or  current  named  as  A,  B,  C  with  a  —  /?  coordinate  system.  In  Figure  3, 
it  shows  the  A  coordinates  axis  is  equal  to  the  a-axis  and  the  angle  between  A,  B,  and  C  axis  is  120  degree. 


Figure  2.  Relationship  between  a  —  fl  and  d-q  coordinate  system 


Figure  3.  Relationship  between  a  —  /?  and  A-B-C  coordinate  system 


The  angle  (8)  between  d  and  a-axis  in  Figure  1  is  knows  as  rotor  flux  position.  In  both  Figures,  the  Equation 
(1)  and  equation  (2)  used  the  Clark  and  Park  transformation  where  it  involve  the  transformation  between 
a  —  /?  and  A-B-C  coordinate  system  and  between  a  —  (3  and  d-q  coordinate  system  respectively. 

The  transformations  in  matrix  are  given  below: 
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2.2.2.  PMSM  Mathematical  Model  Based  on  d-q  Coordinate  System 

In  order  to  get  the  accurate  estimated  position  and  speed,  it  is  important  to  know  and  solve  the 
mathematical  modeling  because  PMSM  modeling  plays  the  bigger  role  in  the  experiment.  The  aims  of  its 
modeling  are  to  present  the  d-q  axis  Equation  in  terms  of  currents  and  voltage.  The  voltage  equation  of 
PMSM  can  be  expressed  as  follow: 


Tf/  iq  (R  -F  sLf)  (BeLqiq 


V d+^eLgig 
R  +sLd 


[V] 

(3) 

[A] 

(4) 
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iq  "b  sLq')  d-  (x)eL^i ^  (x)eApj\ ^ 

[V] 

(5) 

Vq—(^e^d^d~(i)e^PM 
ly  R+sLd 

[A] 

(6) 

Where  XPM  comes  from  flux  linkage  equation: 

\ d  ~  A pm  +  Ldid 

(7) 

^■pm  =  —  A pM 

(8) 

The  total  electromagnetic  torque  of  the  PMSM  can  be  presented  in  (9): 

7 e  —  2  —  (.Lq  ~  ^d)^-sq^sd  (9) 

The  torque  equation  is  shortened  in  (10)  and  the  mechanical  Equation  is  presented  in  (11): 

T'e  =  T-m  =  2  2  ^PMhq  (10) 

Mechanical  equation: 

Te  =  TL  +  BWm  +  J~~  (11) 


3.  RESULTS  AND  ANALYSIS 

3.1.  Analysis  and  Comparison  of  Advantages  and  Disadvantages  of  Sensorless  Technique 

This  section  will  discuss  about  the  sensorless  technique  that  has  been  done  by  researchers  regarding 
the  advantages  and  disadvantages  of  the  technique  proposed.  The  table  below  has  been  made  by  following 
the  three  categorized  of  sensorless  position  estimation  as  discussed  at  section  II. 

3.1.1.  Model  Based  Method 

Table  1  shows  the  techniques,  advantages  and  disadvantages  for  model  based  method.  There  were 
several  methods  introduced  thus  the  popular  methods  among  researchers  were  back-EMF  and  Extended 
Kalman  Filter  (EKF)  technique.  According  to  the  Table  1,  all  methods  gave  the  best  results  at  the  initial  rotor 
position  and  had  simple  systems  which  there  were  easy  to  design.  It  could  also  be  extended  to  detect  the 
position  of  rotor  at  low  speed.  However,  since  these  techniques  used  the  fundamental  and  model  based 
method,  it  was  important  to  know  the  machine  mathematical  model  of  the  machine  with  stator  voltages  and 
currents  accurately  in  order  to  get  the  accurate  results.  Failure  to  do  so  would  affect  the  values  of  rotor 
position  from  low  speed  to  standstill  [17]. 


_ Technique _ 

Using  back-EMF  if  the 
position  sensor  fails  [11] 


Utilizing  an  existing  back- 
EMF  based  position 
sensorless  [12] 

State  observer  is  used  to 
detect  direct  and 
quadrature  stator  current 
[13H14] 

Using  Extended  Kalman 
Fitler  (EKF)  [15]-[16] 


Table  1.  Advantages  and  disadvantages  of  model  based  method 


_ Advantages _ 

1)  Provide  initial  rotor  position  for  the  proper 
implementation  of  fall-back  strategy 

2)  Can  be  extended  to  detect  position  at  low 
speeds 

1)  The  structure  of  techniques  is  the 
exceptional  simplicity 

1)  Been  successfully  demonstrated  for 
commutation  needs  and  may  be  implemented 
using  inexpensive  electronics 

2)  The  observer  can  be  added/removed 

1)  Does  not  require  either  the  knowledge  of 
mechanical  parameters  or  the  initial  rotor 
position 

2)  Consider  simple  system  and  easy  to  design 


_ Disadvantages _ 

1)  Only  suitable  for  low  current  and  low  speed 
application 

2)  Line-to-neutral  (phase)  voltages  are  not  easy  to 
sense  due  to  the  unavailability  of  the  neutral  point 

1)  Saturation  causes  a  shift  of  saliency  and  magnetic 
axis 

2)  The  structure  is  sensitive  to  the  accuracy  of  the 
estimation  of  object  parameters 

1)  Required  expensive  electronics  components 

2)  The  observer  can  be  complex  and  lead  to 
inadvertent  performance  issues. 

1)  State  transition  model  are  both  linear,  however 
most  of  the  real  system  are  non-linear 
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3.1.2.  Saliency  Based  and  Signal  Injection 

In  Table  2,  there  are  many  advantages  and  disadvantages  for  saliency  based  method  and  signal 
injection.  Some  advantages  by  using  high  frequency  method  claimed  those  techniques  could  give  the  best 
rotor  position  estimation  at  low  range  and  insensitive  to  parameter  inaccuracy.  It  was  due  to  the  high 
frequency  injection  did  not  use  the  mathematical  modeling  to  estimate  the  rotor  position.  Instead,  they  were 
injected  the  signal  into  the  current  at  stationary  or  rotary  in  order  to  get  the  rotor  position.  However,  if  the 
currents  were  measured  inaccurately,  therefore,  the  rotor  position  estimation  was  failed  to  achieve. 


Table  2.  Advantages  and  disadvantages  of  saliency  based  method  and  signal  injection 


Technique 

High  frequency  voltage  or 
current  vector  signal  is 
injected  into  d-axis 
winding  [18]-[19] 


Integration  of  high 
frequency  injection  (HFSI) 
and  EMF  [20] 

Injection  of  square- 
waveform  high-frequency 
pulsating  voltage  signal 
into  the  stationary 
reference  frame  [2 1  ]-[22] 


Advantages 

1)  High  Frequency  shows  good  rotor  position 
estimation  at  low  range 

2)  Insensitive  parameter  inaccuracy 

3)  Possible  to  drive  the  SMPM  motor  in  low-speed 
regions  including  zero  speed,  even  under  heavy  load 
conditions 

1)  Eliminates  bumps  generation  during  speed 
transitions 

2)  Provide  a  smooth  change  between  both 
estimation  methods  (HFSI  and  EMF) 

1)  The  bandwidth  of  the  position  estimation  can  be 
improved 

2)  The  influence  of  winding  resistance  is  eliminated 

3)  Fixed,  simpler  voltage  signal  injection  and 

quicker  demodulation  from  the  response  current. _ 


Disadvantages 

1)  Many  filter  are  used  for  signal  processing 

2)  Produce  error  between  the  rotor  estimation 
error  and  high-frequency  current  signal 


1)  Complex  implementation  due  to  the 
combining  two  techniques 


1)  Required  high  sampling  device  to  capture 
the  response  current 


3.1.3.  Artificial  Intelligence  Method 

As  shown  in  Table  3,  artificial  intelligence  is  a  new  method  proposed  due  to  advance  technologies 
nowadays.  Many  advantages  had  been  explored  and  some  of  the  techniques  using  simple  adaptive  fuzzy  logic 
could  improve  the  efficiency  of  the  system.  Besides,  they  gave  a  good  performance  for  the  controller 
regarding  no-load  and  load  condition  and  even  they  were  easy  computation.  However,  fuzzy  logic  or  neutral 
network  controller  was  hard  to  gain  due  to  the  unrecognized  multiple  numbers  of  rules  in  advance.  Therefore, 
this  method  required  to  be  determined  by  trial  and  error.  Other  than  that,  it  was  difficult  method  to  be 
understood  by  an  inexperience  researcher  due  to  complex  rules. 


Table  3.  Advantages  and  disadvantages  of  artificial  intelligence  method 


Technique 

Using  the  fuzzy  logic 
implementation  [23]- 
[24] 


Combine  the 

intelligence  of  fuzzy 
logic  with  the  sliding 
mode  control  technique 
[25] -[26] 

Using  simple  adaptive 
fuzzy  logic  for  PMSM 
[27] _ 


Advantages 

1)  Rotor  position  is  aligned  without  an 
additional  sensor 

2)  Stator  current  easily  be  adjusted  by 
modulating  the  pulse  width  of  the  switching 
device 

3)  Flexible,  uncertain  and  easy  computation 

1)  The  peak  overshoot  is  completely 
eliminated 

2)  The  settling  time  is  improved  and  the 
speed  of  motor  with  load  condition  is 
minimized 

1)  Improve  the  control  system’s  efficiency 

2)  Good  performance  of  the  controller  in  no- 
load  and  load  condition 


Disadvantages 

1)  It  is  not  suitable  for  industrial  application  due  to 
time-  consuming  computation. 

2)  Big  software  overhead  for  simple  applications 


1)  Complex  implementation  due  to  combining  two 
technique 


1)  Give  effect  to  system  precision  and  the 
measurement  of  peak  current  of  the  motor 


4.  CONCLUSION 

In  conclusion,  a  review  of  position  sensorless  drives  technique  for  PMSM  has  been  presented  in  this 
paper.  The  sensorless  techniques  grouped  by  categories  are  also  described.  A  variety  of  methods  is 
introduced  as  a  reference  to  researchers  for  doing  further  research.  Understanding  toward  the  conventional 
technique  is  necessary  by  knowing  their  advantages  and  disadvantages.  It  will  encourage  researchers  for 
producing  some  ideas  or  concepts  in  the  electrical  drive  research.  Thus,  the  electrical  drive  considering  the 
sensorless  technique  could  be  developed  and  sustainable  in  the  future  industrial  and  automation  application. 


Review  and  Comparison  of  Sensorless  Techniques  to  Estimate  the  Position  ....  (Yusnida  Ahmad  Tarmizi ) 


1068  □ 


ISSN:  2088-8694 


ACKNOWLEDGEMENTS 

The  author  would  like  to  thank  the  Kementerian  Pendidikan  Malaysia  and  Universiti  Teknikal 
Malaysia  Melaka  (UTeM)  for  providing  the  research  grant  FRGS/2/2014/TK03/FKE/03/F00239  for  this 
research. 


REFERENCES 

[1]  T.  D.  Batzel  and  K.  Y.  Lee,  “Slotless  permanent  magnet  synchronous  motor  operation  without  high  resolution  rotor 
angle  sensor,”  IEEE  Trans.  Energy  Conveters.,  vol/issue:  15(4),  pp.  336-371,  2000. 

[2]  B.  K.  Bose,  “Modem  Power  Electronics  and  AC  Drives,”  The  University  of  Tennessee,  Knoxville,  1998. 

[3]  O.  Bcnjak  and  D.  Gerling,  "Review  of  Position  Estimation  Method  for  IPMSM  Drives  without  a  Position  Sensor, 
Part  I:  Nonadaptive  Methods,”  XIX  International  Conference  on  Electric  Machines  (ICEM),  pp.  1-6,  2010. 

[4]  O.  Bcnjak  and  D.  Gerling,  "Review  of  Position  Estimation  Method  for  IPMSM  Drives  without  a  Position  Sensor, 
Part  II:  Adaptive  Methods,”  XIX  International  Conference  on  Electric  Machines  (ICEM),  pp.  1-6,  2010. 

[5]  O.  Benjak  and  D.  Gerling,  "Review  of  Position  Estimation  Method  for  PMSM  Drives  without  a  Position  Sensor, 
Part  III:  Methods  based  on  Saliency  and  Signal  Injection,”  International  Conference  on  Electric  Machines  and 
Systems,  pp.  873-878,  2010. 

[6]  A.  R.  Setty,  et  al.,  “Comparison  of  High  Frequency  Signal  Injection  Technique  for  Rotor  Position  Estimation  at 
Low  Speed  to  Standstill  of  PMSM,”  IEEE  5th  International  Conference  on  Power  Electronics,  pp.  1-6,  2010. 

[7]  R.  Raute,  et  al.,  "A  Review  of  Sensorless  Control  in  Induction  Machines  usinf  HF  Injection,  Test  Vectors  and 
PWM  harmonics,”  Symposium  on  Sensorless  Control  of  Electrical  Drives,  pp.  47-55,  2011. 

[8]  R.  Bojoi,  et  al.,  “Sensorless  Control  of  PM  Motor  Drives  -  a  Technology  Status  Review,”  IEEE  Workshop  on 
Electrical  Machine  Design,  Control  and  Diagnosis  (WEMDCD),  pp.  168-182,  2013. 

[9]  P.  Vas,  “Sensorless  Vector  and  Direct  Torque  Control,”  London,  Oxford  Univ  Press,  1998. 

[10]  X.  Wang,  et  al.,  “Simulation  of  PMSM  Field-Oriented  Control  Based  on  SVPWM,”  IEEE  Vehicle  Power  and 
Propulsion  Conference,  pp.  1465-1469,  2009. 

[11]  X.  Shi,  et  al.,  “A  Back  EMF -based  Rotor  Position  Prediction  in  Permanent  Magnet  Machine  for  Survivable  Wind 
Generator  Systems,”  IECON  36th  Annual  Conference  on  IEEE  Industrial  Electronics  Society,  pp.  778-783,  2010. 

[12]  S.  Jurkovic  and  E.  Strangas,  “Cross-Saturation  Effects  on  Position  Estimation  Using  BEMF  Methods  in  PMAC 
Machines,”  IEEE  International  Electric  Machines  and  Drives  Conference  (IEMDC),  pp.  7-12,  201 1 . 

[13]  V.  C.  Ilioudis  and  N.  I.  Margaris,  “Flux  Weakening  Method  for  Sensorless  PMSM  Control  Using  Torque 
Decoupling  Technique,”  First  Symposium  on  Sensorless  Control  for  Electrical  Drive,  pp.  32-39,  2010. 

[14]  L.  A.  Jones  and  J.  H.  Lang,  “A  State  Observer  for  the  Permanent-magnet  Synchronous  Motor,”  IEEE  Transactions 
on  Industrial  Electronics,  vol.  36,  pp.  374-382,  1989. 

[15]  S.  Bolognani,  et  al.,  “Sensorless  full-digital  PMSM  Drive  with  EKF  Estimation  of  Speed  and  Rotor  Position,” 
IEEE  Transactions  on  Industrial  Electronics,  vol.  46,  pp.  184-191,  1999. 

[16]  S.  Morimoto,  et  al.,  “Sensorless  Control  Strategy  for  Salient-Pole  PMSM  based  on  Extended  EMF  in  Rotating 
Reference  Frame,”  Industry  Application  Conference,  Thirty-Sixth  IAS  Annual  Meeting,  IEEE  Conference  Record, 
vol.  4,  pp.  2637-2644,  2001. 

[17]  Y.  Lee,  et  al.,  “Comparison  of  Rotor  Position  Estimation  Perfonnance  in  fundamental-Mode-Based  Sensorless 
Control  of  PMSM,”  IEEE  Energy  Conversion  Congress  and  Exposition  (ECCE),  pp.  5624-5633,  2015. 

[18]  H.  Zhu,  et  al.,  “A  Simplified  High  Frequency  Injection  Method  for  PMSM  Sensorless  Control,”  IEEE  6th 
International  Power  Electronics  and  Mmotion  Control  Conference,  pp.  401-405,  2009. 

[19]  J.  H.  Jang,  et  al.,  “Sensorless  Drive  of  Surface-Mounted  Permanent-Magnet  Motor  by  High-Frequency  Signal 
Injection  Based  on  Magnetic  Saliency,”  IEEE  Transactions  on  Industry  Applications,  vol.  39,  pp.  1031-1039,  2003. 

[20]  J.  Lara,  et  al.,  “Integration  of  HFSI  and  Extended-EMF  Based  Technique  for  PMSM  Sensorless  Control  in 
HEV/EV  Applications,”  IECON-38'1'  Annual  Conference  on  IEEE  Industrial  Electronics  Society,  pp.  3688-3693, 
2012. 

[21]  J.  M.  Liu  and  Z.  Q.  Zhu,  “Sensorless  Control  Strategy  by  Square-Waveform  High-Frequency  Pulsating  Signal 
Injection  into  Stationary  Reference  Frame,”  IEEE  Journal  of  Emerging  and  Selected  Topics  in  Power  Electronics, 
vol.  2,  pp.  171-180,  2014. 

[22]  J.  M.  Liu  and  Z.  Q.  Zhu,  “A  New  Sensorless  Control  Strategy  by  High-Frequency  Pulsating  Signal  Injection  into 
Stationary  Reference  Frame,”  International  Electric  Machine  and  Drives  Conference,  pp.  505-5 12,  2013. 

[23]  J.  Sriram  and  K.  Sureshkumar,  “Speed  Control  of  BLDC  Motor  Using  Fuzzy  Logic  Controller  Based  on  Sensorless 
Technique,”  International  Conference  on  Green  Computing  Communication  and  Electrical  Engineering,  pp.  1-6, 
2014. 

[24]  P.  Albertos  and  A.  Sala,  “Fuzzy  Logic  Controllers.  Advantages  and  Drawback,”  VIII  International  Congress  of 
Automatic  Control,  vol.  3,  1998. 

[25]  K.  M.  A.  Prasad  and  A.  Unnikrishnan,  “Fuzzy  Sliding  Mode  Control  of  a  Pennanent  Magnet  Synchronous  Motor 
with  Two  Different  Fuzzy  membership  Functions,”  International  Conference  on  Power,  Instrumentation,  Control 
and  Computing  (PICC).  pg.  1-6,  2015. 

[26]  J.  Agrawal  and  S.  Bodkhe,  “Sensorless  Pennanent  Magnet  Synchronous  Motor  Drive:  A  Review,”  National 
Conference  on  Innovative  Paradigms  in  Engineering  and  Technology  (NCIPET-2013)  proceedings  published  by 
International  Journal  of  computer  Applications  (IJCA),  2013. 


IJPEDS  Vol.  8,  No.  3,  September  2017  :  1062-1069 


IJPEDS 


ISSN:  2088-8694 


□  1069 


[27]  H.  Teiar,  et  al.,  “Simple  Adaptive  Fuzzy  Logic  Control  Structure  of  Permanent  Magnet  Synchronous  Machines,” 
IEEE  Transportation  Electrification  Conference  and  Expo  (ITEC),  pp.  1-6,  2015. 


BIOGRAPHIES  OF  AUTHORS 

Yusnida  Tarmizi  was  born  on  28  June  1992  at  Bcntong,  Pahang.  She  received  the  B.  Sc. 
Degrees  from  the  Faculty  of  Electrical  Engineering,  Universiti  Teknikal  Malaysia  Melaka, 
Durian  Tunggal  in  2015.  She  currently  is  pursuing  the  Master  degree  with  the  Department  of 
Electrical  Engineering  in  same  university  at  Melaka,  Malaysia.  Her  research  interests  are 
electrical  drives  and  energy  conversion. 


Kasrul  Abdul  Karim  received  the  M.Sc.  from  University  of  Bradford  and  Ph.D.  degrees  from 
the  University  of  Nottingham,  UK,  in  2003  and  201 1, respectively.  He  is  currently  a  Lecturer 
with  the  Department  of  Power  Electronics  and  Drives.  Faculty  of  Electrical  Engineering, 
Universiti  Teknikal  Malaysia  Melaka,  Durian  Tunggal,  Malaysia.  His  research  interests  include 
electrical  machine  design,  power  electronics,  and  electric  vehicle. 


Siti  Azura  Ahmad  Tarusan  received  the  B.Eng.  degrees  from  Universiti  Teknologi  Malaysia, 
Johor  Bahru,  Malaysia,  in  2008  while  M.Sc.  from  Universiti  Malaya,  Kuala  Lumpur  in  2012. 
She  is  currently  a  Lecturer  with  the  Department  of  Power  Electronics  and  Drives,  Faculty  of 
Electrical  Engineering,  Universiti  Teknikal  Malaysia  Melaka,  Durian  Tunggal,  Malaysia.  Her 
research  interests  include  power  electronics  and  motor  drive  systems. 


Auzani  Jidin  (S’09)  received  the  B.Eng.  degrees,  M.Eng.degrees  and  Ph.D.  degree  in  power 
electronics  and  drives  from  Universiti  Teknologi  Malaysia,  Johor  Bahru.  Malaysia,  in  2002, 
2004  and  2011,  respectively.  He  is  currently  a  Lecturer  with  the  Department  of  Power 
Electronics  and  Drives,  Faculty  of  Electrical  Engineering,  Universiti  Teknikal  Malaysia  Melaka, 
Durian  Tunggal,  Malaysia.  His  research  interests  include  the  field  of  power  electronics,  motor 
drive  systems,  field-programmable  gate  array,  and  DSP  applications. 


Review  and  Comparison  of  Sensorless  Techniques  to  Estimate  the  Position  ....  (Yusnida  Ahmad  Tarmizi) 


